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The heat transfer characteristics of three submerged radial jet reattachment (RJR) 
nozzles with exit angles of +45, 0, and -10 deg are compared to the heat transfer 
characteristics of a conventional submerged in-line jet (ILJ) nozzle. The nozzles are 
compared at their favorable spacing from the impingement surface. The comparisons 
are based on two criteria: (1) identical fluid flow power, and (2) identical peak 
pressure exerted on the impingement surface. The local and area-averaged Nusselt 
numbers are presented. Experiments were conducted for two different flow power 
conditions. Comparison under identical flow power indicates that significant enhance-
ments in local and comparable enhancements in area-averaged Nusselt numbers can 
be achieved with the RJR nozzles over the conventional ILJ nozzle while being able 
to control the net force exerted on the impingement surface. The comparison between 
the ILJ and RJR nozzles on the basis of the same peak pressure exerted on the 
impingement surface indicates that the zero degree exit angle RJR nozzle heat transfer 
characteristics are superior to the ILJ nozzle. 
Introduction 
Impinging jets have many applications, including the heating 
or drying of food, paper, printer's ink, tissue, textiles, chemicals, 
film and the cooling of electrical equipment, turbine, and com-
bustor components. They are also used in glass, metal, and 
plastics processing. The advantages of impinging jet systems 
include the ability to control local transport rates by varying 
not only flow rate and temperature, but also geometric parame-
ters such as jet diameter, jet-to-jet spacing, and jet-to-surface 
distance. 
In-Line Jet (ILJ) Nozzle. Systems that incorporate im-
pinging jets are generally composed of in-line, orifice, or slot 
jets. The supply flow to the jet systems is provided by a reservoir 
at a pressure above atmospheric and the flow exits the nozzle 
and impinges on a surface. The conventional in-line jet (ILJ) 
consists of a convergent section leading to a pipe with finite 
length of constant cross section (see Fig. 1). The transport 
characteristics of the ILJ nozzle are well documented and are 
available in the literature (e.g., see Martin (1977), Obot et al. 
(1980), Goldstein et al. (1986), Polat et al. (1989), and 
Viskanta(1993)). 
Radial Jet Reattachment (RJR) Nozzle. There have been 
many attempts at altering a jet's flow to increase its transport 
characteristics. One such innovative nozzle is the Radial Jet 
Reattachment (RJR) nozzle (e.g., see Page and Ostowari 
(1985), Page et al. (1986), and Page and Seyed-Yagoobi 
(1990)). 
The basic concept of a submerged RJR is shown in Fig. 2. 
The stream of air is directed in an outward radial direction to 
a point where it separates from the nozzle into a free stream. 
The turbulent viscous mixing that occurs at the boundaries of 
this stream induces secondary flow by mass entrainment. When 
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placed near a flat surface, the induced flow from the lower 
boundary of the radial jet stream creates a low-pressure region 
beneath the nozzle. The low-pressure region forces the jet 
stream to turn downward until the stream impinges, or reat-
taches, on the flat plate in a ring centered around the nozzle. 
The stream, now reattached to the surface of the flat plate, 
divides. Part of the stream turns radially outward and the re-
mainder radially inward. This process results in a highly turbu-
lent reattachment ring. The intense turbulence associated with 
this phenomenon is mainly responsible for the high heat and 
mass transfer between the fluid and the impingement surface. 
The characteristic flow pattern of the RJR also provides an-
other unique feature: The magnitude and direction of the net 
force exerted by the fluid on the reattachment surface can be 
controlled (Page et al., 1990). Zero and even negative net forces 
can be attained with different designs of the RJR nozzle. Spe-
cifically, the flow exit angle can be used to control the force 
on the impingement surface. The force exerted by the jet on 
the surface can be estimated with: 
Force = A • p • V2 • sin (8) (1) 
where A is the exit area of the jet, p is the density of the fluid, 
V is the jet exit velocity, and 6 is the jet exit angle. Negative 
exit angle results in the flow exiting the nozzle away from the 
surface and then turning down to reattach. This produces a net 
negative force on the surface. 
Previous studies on the ILJ nozzle and the RJR nozzle have 
dealt with both the heat transfer and mass transfer characteristics 
of the nozzles (Habetz et al., 1992; Ostowari and Page, 1992). 
Habetz et al. (1992) reported that significant improvements in 
drying rates could be achieved by the RJR nozzle over the ILJ 
nozzle when both the nozzles were compared under the same 
mass flow rate condition. Ostowari and Page (1992) compared 
the heat transfer characteristics of the ILJ and the RJR nozzles 
under the same mass flow rate. They reported significant in-
creases in the local and average heat transfer coefficients for 
the RJR nozzle compared to the ILJ nozzle. 
The RJR technology has been successfully transferred to in-
dustry. For instance, RJR nozzles are used in the dryer sections 
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Table 1 Operating conditions: Case 1 
Fig. 1 Schematic of in-line jet (ILJ) nozzle 
Supply Gas Above 
Atmospheric Pressure 
Fig. 2 Schematic of radial jet reattachment (RJR) nozzle 
of paper-making machines. Significant enhancements in the dry-
ing rates have been achieved with these RJR nozzles (Thiele 
etal., 1995). 
Objective. This paper compares the heat transfer character-
istics of a single submerged RJR nozzle to the heat transfer 
characteristics of a single submerged ILJ nozzle. The compari-
n j RJR 
6 =-10' 
RJR 





n j * * 
Nozzle Pipe Re number 31,900 25,700 24,300 27,900 57,200 29,300 
Pipe Velocity (m/s) 18.4 14.9 14.3 16.3 33.1 16.9 
Mass Flow Rate (kg/s) 0.012 0.010 0.009 0.011 0.026 0.011 
Flow Power (W) 2.3 2.3 2.3 2.3 32.5 2.3 
Height, V D 6.0 0.5 0.5 0.5 0.5 0.5 
* This operating condition provided a peak pressure on the impingement surface equal to the 
peak pressure generated by ILJ nozzle under the operating condition given in this table. 
••Corresponds to almost a wall jet. 
sons are based on two separate criteria. The first criterion is the 
comparison of the nozzles under the same fluid flow power. 
The RJR and ILJ nozzles being two different geometries, any 
fair comparison between them should take into account the 
additional pressure drop in the RJR nozzle due to the deflection 
of flow caused by the bottom plate. A comparison under identi-
cal flow power condition accounts for such additional losses in 
the RJR, thus providing a realistic basis for comparing the two 
nozzles. It should be noted that this pressure drop varies for 
different exit angles of the bottom plate and consequently, the 
mass flow rate for the 45 deg exit angle RJR nozzle is larger 
than that of the 0 deg RJR nozzle under the same flow power 
condition (see Tables 1 and 2). 
Previous comparisons have been made under the same exit 
velocity or the same mass flow rate. However, these compari-
sons can be misleading. In the case of the ILJ and the RJR 
nozzles of the same pipe diameter, a comparison of the nozzles 
under the identical exit velocity would favor the ILJ nozzle 
since the mass flow rate is larger for the ILJ nozzle under such 
conditions. This is true because the exit hydraulic diameter of 
the RJR nozzle is typically smaller than the pipe diameter of 
Table 2 Operating conditions: Case 2 






n j " 
Nozzle Pipe Re Number 49,500 40,000 36,300 43,400 45,000 
Pipe Velocity (m/s) 28.5 23.0 21.1 25.1 26.6 
Mass Flow Rate (kg/s) 0.019 0.015 0.014 0.017 0.017 
Flow Power (W) 8.4 8.4 8.4 8.4 8.4 
Height, V D 6.0 0.5 0.5 0.5 0.5 
••Corresponds to almost a wall jet. 
N o m e n c l a t u r e 
A = exit area of the nozzle, m2 
Afoii = heated area of the foil, m
2 
b = exit width of the RJR nozzle, m 
D = inner diameter of the nozzle, m 
/j|0C = local heat transfer coefficient, W/ 
m2K 
âvS = average heat transfer coefficient 
defined on the basis of local heat 
transfer coefficient, W/m2K 
h = average heat transfer coefficient 
defined on the basis of area-aver-
aged surface temperature, W/ 
m2K 
/ = current, A 
ILJ = in-line jet 
m = mass flow rate, kg/s 
Nuioc = local Nusselt number 
Nu = average Nusselt number 
P = fluid flow power, W 
= pressure drop, Pa 
= convected heat flux, W/m2 
= generated heat flux, W/m2 
tfcond = conducted heat flux, W/m2 
= radiated heat flux, W/m2 
= distance in the radial direc-
tion, m 
= inner radius of the nozzle, m 
final radial integration dis-
tance for area averaging, m 
Re = pipe Reynolds number = 
u-DIv 








Th = local heated foil temperature, °C 
Tad = local adiabatic foil temperature, °C 
AT = local surface temperature differen-
tial, °C 
AT = area-averaged surface temperature 
differential, °C 
u = pipe velocity, m/s 
V = exit velocity of the RJR nozzle, m/s 
Xp = height of nozzle exit from the im-
pingement surface, m 
0 = exit angle of the free jet, deg 
v = kinematic viscosity, m2/s 
p = density, kg/m3 
4> = voltage, V 
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Fig. 3 Schematic of heat transfer jet impingement facility 
the ILJ nozzle. In contrast, a comparison under equivalent mass 
flow rate would bias the results toward the RJR nozzle since 
the exit velocity for the RJR nozzle is typically larger than the 
exit velocity of the ILJ nozzle, contributing to higher heat trans-
fer rates. In the case where the exit hydraulic diameters of the 
two nozzles are identical, a comparison under the same Reyn-
olds number (and consequently, same mass flow rate and exit 
velocity) would still be meaningless owing to dynamically dis-
similar flows. A comparison of the two nozzles under identical 
fluid flow power, on the other hand, properly accounts for the 
different nozzle geometries, by compensating for the pressure 
losses due to deflection of flow from the normal direction for 
the RJR nozzles. Hence, for an operational comparison, the 
power requirement to operate the nozzles should be considered. 
This paper highlights the importance and application of fluid 
flow power as a comparison criterion by choosing a particular 
case of identical pipe diameters of the ILJ and RJR nozzles. 
Such a case is typical when one is interested in retrofitting 
existing ILJ nozzles into RJR nozzles. 
The second comparison criterion is based on the same peak 
pressures exerted by the nozzles on the surface. This type of a 
comparison is important when the peak pressure exerted on the 
surface by the nozzle is restricted in certain industrial applica-
tions. 
Experimental Setup 
Nozzle Geometry. The ILJ and RJR nozzles used for this 
study consisted of a 2.7 cm inner diameter pipe nozzles with a 
length of 15.2 cm. Three RJR nozzles with exit angles of +45, 
0, and - 1 0 deg were considered. The RJR nozzle exit width, 
b, was 0.5 cm and the bottom disk diameter was 3.8 cm (see 
Fig. 2) . 
Test Facility. The experimental setup used for this study 
is shown in the Fig. 3. The test apparatus consisted of a rigid 
frame to which a plenum and nozzle assembly was attached 
above a flat impingement foil. The plenum was provided with 
a flow straightener at its entry in order to eliminate any flow 
disturbances initiated upstream of the plenum. A pressure tap 
was provided downstream of the flow straightener in the ple-
num. An elliptically convergent piece provided the transition 
from the plenum to the nozzles. The nozzles could be screwed 
into this transition piece interchangeably. Dry air was supplied 
from two dedicated compressors and a heatless dryer that pro-
vided a dew point of -40°C. The supply air was maintained at 
a constant temperature by upstream heaters. The flow rate to 
the nozzles was measured by a choked flow converging nozzle 
located upstream of the flow. An inclined tube manometer was 
used to measure the pressure drop between the plenum and the 
ambient air. 
The facility utilized a thin electrically heated stationary foil 
upon which the air jet impinged. The flat foil consisted of a 
sheet of Inconel alloy 600, 0.42 m wide by 0.72 m long, with 
a thickness of 0.0254 mm. This material was chosen because 
of its high electrical resistance and uniform physical properties. 
Furthermore, the small foil thickness ensured a negligible tem-
perature difference between its top and bottom surfaces. The 
Inconel foil was stretched over a Plexiglas sheet and clamped 
between two copper tubes, which also served as the electrical 
bus source. A vacuum was applied to the bottom of the Inconel 
sheet via 609 holes (21 X 29) drilled within the Plexiglas. This 
design assured a flat surface during the experiment and low 
conductivity below the Inconel foil. The upper surface of the 
Inconel sheet was painted dull black to provide a high constant 
emissivity, approaching 0.98. The Inconel foil was heated by 
applying direct current across the copper bus bars. Due to the 
homogeneous nature of the Inconel material, the energy release 
per unit area of the foil was constant throughout the foil and 
could be accurately determined by knowing the heated area, and 
the input current and voltage. The electrical contact resistance 
between the copper rods and the Inconel foil was negligible, 
and hence no correction was made for the electrically generated 
heat flux calculations. 
The foil surface temperatures were measured with an infrared 
camera and recording system (Mikron Model 6T62). This ther-
mal imaging system has a temperature resolution of up to 
0.025°C. A pressure tap, located on the impingement surface, 
was used for surface pressure measurements. The differential 
pressure (p - patm) was measured using a pressure transducer 
(Validyne model DP103-16). The plenum and nozzle assembly 
could be moved horizontally to provide for localized pressure 
measurements along a radial line on the surface. 
Testing Procedure. All experiments were conducted while 
ensuring that the supply air temperature at nozzle exit was kept 
close to the ambient room temperature (within ±0.1°C), so 
that any thermal entrainment between the exiting jet and the 
surrounding would be minimized. The pressure drop across the 
plenum was noted for each experiment, and the mass flow rate 
was controlled accordingly to provide for a constant flow power 
for both the ILJ and RJR nozzles. The foil heat flux was main-
tained at around 272 W/m2, which provided a temperature dif-
ferential of less than 5°C with respect to ambient air for all 
parts of the foil. This temperature differential ensured low radia-
tion losses from the foil to the surroundings, and also minimized 
conduction losses below the foil. The free convection at such 
temperature difference was found to be negligible in comparison 
with the forced convection effect due to the impinging jet. For 
each steady-state flow condition, a typical measurement in-
cluded a recorded thermal image of an adiabatic foil (no electri-
cal heating), followed by another recorded thermal image of 
the heated foil. The analysis then involved a digital subtraction 
of the two stored thermal images, followed by converting these 
temperature differentials to corresponding heat transfer coeffi-
cients. The infrared images were found to be fairly symmetric 
in the radial direction, from the nozzle centerline. Pressure mea-
surements along the impingement surface were conducted for 
the ILJ and the RJR nozzles to measure the local pressures 
exerted by the jets on the surface. 
Calculation Procedure. The local heat transfer coefficient 
corresponding to the local temperature differential at each loca-
tion along a radial line, starting from the nozzle centerline, was 
calculated as follows: 
K 
qi (2) 
where the local adiabatic foil temperature, Tad, and local foil 
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heated temperature, Th, are known at each surface point. At 
these locations, the convected heat flux needed for the local 
heat transfer coefficient calculation was determined from 
300 
*?cond Hxdd (3) 
The electrically generated resistance heating was calculated 
from measured values of the heated foil area, and the voltage 




At each of the radial locations, the conduction losses were 
determined from known apparatus conductance values and mea-
sured temperatures. The radiation losses at these locations were 
calculated from room and foil temperatures. Radiation and con-
duction losses accounted for less than 3 percent of the total heat 
flux in all the experimental cases. 
The local Nusselt number was calculated based on the ther-
mal conductivity of the jet at nozzle exit condition and the inner 





Practically, the area-averaged heat transfer coefficient is more 
important than the local heat transfer values in the design of 
impinging nozzle applications. This is because the area of con-
cern in process industries is typically larger than the nozzle 
cross-sectional area. The average heat transfer coefficient can 
be defined in two ways. For an axisymmetric jet, the local heat 
transfer coefficients can be integrated over possible areas of 
concern (nrj) as follows: 
2.p 
hXoc(r)rdr (6) 
which follows from the mathematical definition of integration. 
Equation (6) has been used in our previous publications (for 
example, see Ostowari and Page (1992) and Page et al. 
(1993)). A more correct definition of average heat transfer 
coefficient for a constant heat flux surface in terms of an average 




where the area average temperature differential is defined as 
r) Jo 
A T = (Th- Tad) {Th{r) - Tad(r))rdr (8) 
In the present paper, the local heat transfer data were averaged 
based on the average surface temperature using Eq. (7). The 
average Nusselt number was calculated based on the average 
heat transfer coefficient as follows: 
h-D 
Nu = 
The fluid flow power was calculated from 
P = ™-AP 
(9) 
(10) 
where m, p, and AP are the mass flow rate, fluid density, and 
pressure drop across the nozzle. The pressure differential, AP, 
across the nozzles was measured between the pressure tap lo-
cated in the plenum and the ambient air. Since the flow velocity 
was small in the plenum, no velocity correction term was added 
# * / — 3 
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Fig. 4 Local Nusselt number for ILJ and RJR nozzles: P -- 2.3 W 
to the pressure drop in Eq. (10). The mass flow rate for the 
ILJ nozzle was larger than for the RJR nozzle operating under 
the same flow power (see Tables 1 and 2). This was because 
the pressure drop across the RJR nozzle was higher than the 
pressure drop across the ILJ nozzle, thus resulting in a lower 
mass flow rate in order to maintain the same flow power for 
both the nozzles. The Reynolds numbers in the Tables 1 and 2 
are based on the inner pipe diameter and pipe velocity for the 
ILJ and the RJR nozzles. 
Experimental Results 
Initial experiments for the ILJ nozzle were conducted at vari-
ous nozzle heights. The optimum height criterion used for the 
ILJ nozzle was based upon determining the height that produced 
the maximum value of Nuioc at the nozzle centerline. The opti-
mum height for the ILJ nozzle corresponded to six nozzle diam-
eters, which is in agreement with the reported data in the litera-
ture (Downs and James, 1987). This nozzle-to-surface spacing 
is also in agreement with the average heat transfer correlation 
(based on a circular area with a radius of ten times the nozzle 
diameter) reported by Klammer and Schupe (Viskanta, 1993). 
In addition, another experiment was conducted for the ILJ noz-
zle at a close nozzle to surface spacing of 0.5 D. Initial detailed 
experiments were also conducted for the zero degree RJR nozzle 
at various heights. It was observed that the RJR nozzle per-
formed better (both local and average heat transfers over the 
entire surface) as the nozzle to surface spacing was reduced. 
The test case of Xp/D = 0.5 produced the best overall results 
for the RJR nozzle over the heights tested. Experiments below 
Xp/D of 0.5 were not possible to conduct because of adverse 
viewing requirement for the infrared imaging system. This 
height of 0.5 D for the RJR nozzles agrees well with previously 
published data by Ostowari and Page (1992). 
Comparison Based on Identical Fluid Flow Power. Two 
different flow powers were investigated. The first flow power 
of 2.3 W corresponded to the ILJ Reynolds number of 31,900. 
The results presented here are based on the operating conditions 
given in Table 1. Figure 4 shows the local Nusselt number and 
the local heat transfer coefficient as a function of nondimen-
sional radius, rlr0, where r0 is the nozzle pipe inner radius. The 
radius, r, originates from the center point directly below the 
nozzle. The results indicate that the local Nusselt number was 
higher at the nozzle center point (r/r0 = 0) for the ILJ nozzle, 
but less than the RJR nozzles near the corresponding reattach-
338 / Vol. 120, MAY 1998 Transactions of the ASME 
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Fig. 5 Average Nusselt number for ILJ and RJR nozzles: P 2.3 W 
Fig. 6 Average Nusselt number for ILJ and RJR nozzles: P = 8.4 W 
ment rings. According to Fig. 4, the location of peak local 
Nusselt number, which occurred within the reattachment ring 
for RJR nozzles with +45, 0, and - 1 0 deg exit angles, were at 
rlr0 of 2.0, 2.9, and 3.1, respectively. The reattachment ring 
used in this context is a boundary or region of a physical space 
where the recirculating flow beneath the RJR nozzle was sepa-
rated from the flow that was following the impingement wall 
curvature (flat plate), similar to a wall jet. For the RJR nozzle, 
the local Nusselt number was low in the recirculation region but 
increased rapidly near the reattachment region, with a maximum 
peak in the reattachment region, followed by an exponential 
decay past the reattachment region. The peak local Nusselt num-
bers were significantly higher for the +45 and 0 deg RJR noz-
zles than for the ILJ nozzle while that of a - 1 0 deg RJR nozzle 
was comparable to that of the ILJ nozzle. For example, the RJR 
nozzle with a +45 deg exit angle produced a peak local Nusselt 
number of 277 while the ILJ nozzle operating at XPID = 6.0 
produced a peak local Nusselt number of 188. A direct compari-
son of the Nusselt numbers between the ILJ and the RJR nozzles 
was possible since the Nusselt numbers were based on the same 
inner pipe (for the ILJ nozzle) or approach inner pipe (for the 
RJR nozzle) diameter for both the nozzles. The Nusselt numbers 
were not significantly different from the heat transfer coefficient 
values because the magnitudes of the inner pipe diameter and 
the thermal conductivity of ambient air were almost the same. 
Also shown in this figure is a plot of the ILJ nozzle operating 
at close nozzle to surface spacing of 0.5 D, for the same flow 
power, which will be discussed later. 
Figure 5 presents the area-averaged Nusselt number and heat 
transfer coefficient as a function of dimensionless area ratio, 
(r//r„)2 . This dimensionless ratio represents the area, ivrj, over 
which the data were averaged divided by the nozzle inner pipe 
area, nr \. The presentation of data by this averaging technique 
provides for a better comparison of the effectiveness of one 
nozzle over the other for the same flow power. For the RJR 
nozzle with +45 deg exit angle, the maximum enhancement of 
19.7 percent in average Nusselt number over the ILJ nozzle at 
a XPID = 6.0, is obtained at an (rf/r0)
2 of 9.9. The maximum 
enhancement in the average Nusselt number for the 0 deg exit 
angle RJR nozzle was 4.8 percent while the - 1 0 deg RJR nozzle 
showed a reduction of 7.4 percent in its peak average Nusselt 
number. Enhancement was defined as the ratio of the difference 
in Nu between the RJR nozzle and the ILJ nozzle, over the 
Nu of the ILJ nozzle, at a particular nondimensional area from 
the centerline. Thus, the maximum enhancements for the RJR 
nozzles corresponded to the location of their peak Nu values. 
The ILJ nozzle at XPID = 6.0 showed higher area-averaged 
heat transfer than all the RJR nozzles for areas larger than (rfl 
r,,)2 = 63. Although the average Nusselt number was low or 
at best comparable for the 0 and —10 deg RJR nozzles to the 
ILJ nozzle, the true advantage of the 0 and - 1 0 deg RJR nozzles 
was that it exerted a zero or a net negative force on the reattach-
ment surface. 
Additional similar sets of experiments were conducted to 
compare the heat transfer characteristics of the RJR nozzle to 
the ILJ nozzle at a higher flow power of 8.4 W, which corre-
sponded to a highly turbulent ILJ nozzle Reynolds number of 
49,500. The operating conditions for these sets of experiments 
are given in Table 2. Figures 6 and 7 illustrate the local and 
average Nusselt number values, respectively. An interesting ob-
servation was that the maximum enhancements in Nu for the 
RJR nozzle cases of 0 and - 1 0 deg were significantly higher 
(8.1 percent and 4.8 percent, respectively) for the higher flow 
power case (Fig. 7) , compared to their corresponding maximum 
enhancements in the lower flow power case, as seen in Fig. 5 
(4.1 percent and -7 .4 percent, respectively). The RJR nozzle 
with the 45 deg exit angle, on the other hand, showed a decrease 
in enhancement for the higher flow power case (5.5 percent) 
\i 
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Fig. 7 Local Nusselt number for ILJ and RJR nozzles: P = 8.4 W 
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compared to the lower flow power case (19.7 percent). Again, 
the ILJ nozzle at XPID = 6.0 showed higher Nu than all the 
RJR nozzles at areas larger than (rflr0)
2 = 39. 
Finally, included in Figs. 4 -7 are the heat transfer results 
for the ILJ nozzle operated at XPID of 0.5. Such close spacing 
to the impingement surface represents almost a wall-jet-type of 
flow for the ILJ nozzle. As seen in Figs. 6 and 7, the local and 
average values of Nusselt number for the ILJ nozzle operated 
at Xp/D of 6 were higher within the stagnation region than the 
corresponding values of ILJ nozzle operated at XPID of 0.5. 
However, the ILJ nozzle at Xp/Dof0.5 produced higher average 
Nusselt number values than the ILJ nozzle at XPID of 6, beyond 
(rf/r0)
2 of approximately 9.5. At XPID of 0.5, the ILJ nozzle 
Nu,oc data showed two local maxima occurring at rlr0 of 1.5 
and 3.9. The same trend was observed for the ILJ nozzle at the 
low flow power as well (Fig. 4) . These observations were simi-
lar to those reported by Lytle and Webb (1991). There has 
been speculation and disagreement among investigators as to 
the physical explanation for the second peak in the local Nusselt 
number value (see Viskanta, 1993). This second peak could be 
due to ring-shaped wall eddies induced consecutively by the 
large-scale toroidal vortices hitting the plate (Popiel and Trass, 
1991). It is also suggested that the second maximum is a result 
of a transition from laminar to turbulent flow in the boundary 
layer (Lytle and Webb, 1991). The ILJ at this nozzle-to-surface 
spacing shows significantly higher average heat transfer coeffi-
cient than the RJR nozzles. 
Comparison Based on Identical Peak Pressure. The re-
sults for comparison under identical peak pressures exerted on 
the impingement surface are shown in Fig. 8. Figure 8(a) shows 
the pressure distribution on the surface as a function of the 
nondimensional radial distance from the nozzle centerline, rl 
r0. The data have not been presented in the form of a nondimen-
sional pressure coefficient because the exit velocities for the 
ILJ and RJR nozzles are different. As seen from the graph, the 
ILJ nozzle at XPID = 0.5 and XPID = 6.0 exerts high local 
surface pressures at the impingement point, followed by a de-
crease away from the nozzle centerline. For the ILJ nozzle at 
XPID = 0.5, the peak pressure was slightly higher and was 
more spread in the region close to the nozzle compared to the 
XPID = 6.0 case. The 0 deg RJR nozzle surface pressure profile, 
at the same peak pressure as the ILJ nozzle of XPID = 0.5 
case, had the flow power increased to 32.5 W (see Table 1 for 
corresponding operating conditions). Also shown in the figure 
is the pressure exerted on the surface by the 0 deg RJR nozzle 
operating at the same flow power as the ILJ nozzle cases. The 
net force exerted by the ILJ nozzle at a height of 0.5 D from 
the impingement surface was 0.4184 N while that of the RJR 
0 deg nozzle for the same flow power of 2.3 W was only 0.071 
N (5.9 times lower than the ILJ case). 
The flow under the RJR nozzle is at subatmospheric pressure. 
Thus, we have both positive and negative surface pressures 
exerted on the surface with the RJR nozzle. At high flow rates, 
this may tend to warp a delicate surface. This condition can be 
avoided by installing RJR nozzles on both sides of the surface 
in order to balance the local negative and positive pressures to 
prevent warping. 
The local and average Nusselt number for the RJR nozzle 
with 0 deg exit angle with a matching peak pressure to ILJ 
nozzle aiXpID = 0.5 are shown in Figs. 8(Z>) and 8(c), respec-
tively. The RJR nozzle local peak Nusselt number was higher 
by a factor of 2.2 over the ILJ nozzle case of XPID = 0.5. The 
0 deg RJR nozzle showed a maximum average Nusselt number 
enhancement of 70.0 percent at (r / /r0)
2 of 18.6. Similar en-
hancements could also be demonstrated if the RJR nozzle was 
compared to the ILJ nozzle case of XPID = 6.0. It should be 
mentioned that the enhancement in heat transfer is at the ex-
pense of a significant increase in flow power (14 times that of 
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Fig. 8(c) Average Nusselt number for ILJ and RJR nozzles 
Fig. 8 Comparison under identical peak pressures for ILJ and RJR noz-
zles 
Error Analysis 
An error analysis was performed based on the method pro-
posed by Kline and McClintock (1953). In particular, for the 
optimum ILJ nozzle case ofX„/D = 6.0 and for the 0 deg RJR 
nozzle case of XPID = 0.5 (both for the higher Reynolds number 
set of experiments), the maximum and minimum values of 
uncertainty for the local Nusselt number were found to be 10 
percent and 7.4 percent, respectively, for the ILJ nozzle. The 
maximum and minimum values of uncertainty for the local 
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Nusselt number of the 0 deg RJR nozzle were found to be 15.5 
and 8.0 percent, respectively. 
To confirm repeatability of the results, several cases of se-
lected experiments were studied. The minimum and maximum 
standard deviation of Nu!oc values for the ILJ nozzle at Xp/D 
= 6.0 (at higher flow power) were 0.0 and 14.0, respectively, 
over three cases. The minimum and maximum standard devia-
tions for Nu for this ILJ case were 0.8 and 11.1. The minimum 
and maximum standard deviation for the Nuioc and Nu values 
of the 0 deg RJR nozzle case at higher flow power were 0.2, 
22.4 and 0.3, 5.1, respectively, over four repeated cases. The 
minimum and maximum standard deviation of Nutoc and Nu for 
the +45 deg RJR nozzle, at the high flow power case were 0.3, 
16.3, and 1.6, 7.4 respectively, over four repeated cases. In all 
of the above-mentioned values of Nuloc and Nu, the maximum 
percentage error was not greater than 8.6 percent. The high 
values of standard deviation for the ILJ corresponded to the 
stagnation point, whereas the maximum value of standard devia-
tion for the RJR nozzle corresponded to the reattachment or 
recirculation region. 
Conclusions 
The heat transfer characteristics of RJR nozzles with exit 
angles of +45, 0, and - 1 0 deg were compared to the heat 
transfer characteristics of an ILJ nozzle. The comparisons were 
made at each nozzle's favorable spacing from the impingement 
surface and based on two criteria: (1) identical flow power, and 
(2) identical peak pressure. Comparison under identical fluid 
flow power was shown to be important from a practical point 
of view when comparing dissimilar flows, such as those of ILJ 
and RJR nozzles. 
The results for the comparison under identical flow power 
indicated that considerable enhancements in local Nusselt num-
bers were achieved with the +45 deg RJR nozzle, while the 0 
and —10 deg nozzles provided comparable or lower heat trans-
fer. The ILJ nozzle showed higher area-averaged Nusselt num-
ber over large areas of integration compared to the RJR nozzles. 
The surface pressure exerted by the 0 deg RJR nozzle was 
very low compared to the ILJ nozzle at the same flow power. 
Comparison of the nozzles under identical peak pressures indi-
cated that high enhancement was achieved with the RJR nozzle. 
The RJR nozzle provided a mechanism to control the magni-
tude and the direction of the exerted force on the impingement 
surface. This is particularly important in heating, cooling, or 
drying of fragile surfaces. Also, since the RJR nozzle operates 
at close nozzle to surface spacing, it is suitable for the design 
of compact equipment. 
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